sulted from the unprecedented success of the use of adrenal steroids and their derivatives as antiinflammatory agents. Preliminary observations had suggested that glucagon might have beneficial effects on rheumatoid arthritis [2] . So, we started to investigate whether glucagon had indeed anti-inflammatory properties. Our experimental protocol was most simple: it consisted of seeing whether glucagon given intraperitoneally to rats would prevent the oedema resulting from an injection in the paw of inflammatory agents, such as histamine, dextran or formaline. Series of animals received saline, others received glucagon and the magnitude of the oedema was evaluated by plethysmography or even more simply by measurement of the circumference of the paw. This is the type of elementary protocol that can be offered to a student for his (or her) first contact with experimental animal research. We soon demonstrated that indeed glucagon markedly inhibited the local oedema due to the injection of these phlogistic drugs [3, 4] , but that this effect was totally abolished by previous adrenalectomy [5] . Our first interpretation was that glucagon stimulated the release of adrenal corticosteroids [From Leffbvre et al. -11] and that these were responsible for the anti-inflammatory effect. To our surprise, glucagon, under our experimental conditions, did not modify corticosteroid-circulating levels [6] . The second thought was that glucagon might release adrenal catecholamines and that these, by peripheral vasoconstriction, could prevent formation of oedema. This idea was soon proven to be the case, since glucagon unequivocally stimulated the release of catecholamines from the isolated perfused rat adrenals [7] , while the antiphlogistic action of glucagon was abolished by an adrenolytic dnig and reproduced by an intraperitoneal injection of adrenaline [8] . Needless to say, glucagon has never been used as an anti-inflammatory drug. However its property to stimulate adrenal catecholamine release has been used [9] , and it is still used as a tool for the diagnosis of pheochromocytoma [10, 12] . Blood pressure response to glucagon in a patient with pheochromocytoma and the complete lack of response when the test was performed again after removal of the tumour is shown in Figure 1 . Moreover, glucagon is now largely utilized for its hypotonic effect on the gut to facilitate X-ray examination of the digestive tract or competurized-axial tomography [13] . Until now, I have been aware of three cases of pheochromocytoma which have been recognized by chance as a consequence of a severe hypertensive crisis resulting from an injection of glucagon [14] [15] [16] .
Animal investigation can promptly bring answers to problems raised by clinical practice
This proposal is respectful of the ideas of Claude Bernard who once wrote 'I consider hospitals as only the entrance to scientific medicine; they are the first field of observations which a physician enters, but the true sanctuary of medical research is a laboratory' [17] . It can be illustrated by the next example. Some years ago, with my colleagues A. Luyckx and J.C. Daubresse, we observed that peripheral plasma glucagon levels were usually grossly elevated in chronic renal insufficiency [18] . This finding was similar to preliminary data reported by other groups [19] [20] and was clinically relevant since high glucagon levels may be involved in the pathogenesis of glucose intolerance so frequently found in chronic renal failure [21] . A survey of the literature soon revealed that almost nothing was known on the renal handling of glucagon. We decided to approach the question experimentally and were soon able to demonstrate the primary role played by the kidney in the catabolism of glucagon [22] . In the isolated perfused dog kidney system, 40% of glucagon entering the kidney per unit of time is taken up by this organ and the capacity of the kidney to remove glucagon is quite impressive [23] . Bilateral kidney exclusion in the anaesthetized dog is followed by a rapid rise in circulating glucagon, the endogenous production of the hormone by the pancreas being unchanged [24, 25] . These data strongly suggested that reduced glucagon uptake by the kidney is responsible for the elevated circulating glucagon levels observed in renal failure. To be fair, however, I have to mention that things are not as simple as they look at first glance. Under chronic conditions and as shown by Kuku et al. [26, 27] and by Valverde [28] , the circulating pattern of the various components of plasma glucagon is modified by renal failure with a particular accumulation, not only of the 3500 dalton component, but also of the 9000 dalton component which is likely to be related to proglucagon. Moreover, as recently demonstrated in our Laboratory by Loly et al., nephrectomy in the dog also significantly reduced the peripheral removal of glucagon, a phenomenon which suggests that the kidney exerts some control on the peripheral uptake of the hormone, an effect whose mechanism is, until now, entirely unknown [29, 30] . Therefore, the high glucagon levels observed in severe renal insufficiency are likely to result from both decreased renal catabolism and reduced peripheral uptake.
Fruitfulness of interdisciplinary collaboration
My third proposal will justify the title From plantphysiology to human metabolic investigations. It illustrates, the fruitfulness of interdisciplinary collaboration with its breaking of some of the artificial frontiers that exist between the natural sciences.
In 1972, M. Lacroix and F. Mosora of the Department of Physics of the University of Lirge, broke one of these frontiers. They came to our Laboratory and explained that some natural glucose they had analyzed had a slightly unusual enrichment in 13C and asked whether we could foresee some use of this property for metabolic investigations in man. At that time, I was barely aware of the existence of the 13C isotope and knew nothing about variations in its natural abundance.
Isotopes of carbon and their measurement
There are no less than eight isotopes of carbon (Table 1) : 9C, 1~ 11C, 15C are all radioactive and have half-lives below 30 min. Some, such as 9C and 16C, are extremely short-lived radionuclides. Isotope 11C, produced in cyclotrons by a p, a reaction on natural nitrogen, is progressively being used to label substrates for metabolic and imaging investigations in man. In AA " Reproduced from "High efficiency photosynthesis" by Bj6rkrnan and Berry [53] contrast, 14C, with its very long half-life, has been used for many years as a metabolic tracer in biology and medicine, but this long half-life is often an ethical limitation to its use in man. Let us focus on the two stable, non-radioactive, isotopes of carbon. Their respective natural abundance is approximately 99% for 12C and 1% for 13C and indeed the word "approximately" is of importance since the variations we have to consider are extremely small at these approximative values. 13C differs from 12C by one unit of mass and sophisticated instruments are needed to detect the very small changes in the natural abundance of these two isotopes. In practice, one makes use of "isotope ratio" mass spectrometers, in which one compares the a3C/aZC ratio in a sample to that in a given standard [31, 32] . In so doing, the results are expressed in 613C which is the ratio of these ratios [33] :
The usual reference standard is calcite in a specimen of Belimnitella americana found in the Peedee Formation in South Carolina, USA, and abbreviated to PDB. The 13C content of most biological specimens is slightly less than in PDB; as a consequence their 6 13C has a negative value. In our studies, we have made use of our own standard, which has a value of -28.5 per mil (%o) relative to the usual PDB-1 Chicago standard. In relation to that standard, the 613C values of the specimens we have analyzed are usually positive (+). The 6 13C of atmospheric CO2, expressed against our standard, is approximately 22%o, a value which corresponds to an absolute abundance of about 1.100% 13C. The reason of the enrichment in 13C of some natural sugars is found in selective isotopic effects occurring during photosynthesis. We now break another frontier and enter plant physiology.
Isotopic discrimination during photosynthesis
In the majority of plants, called the "three carbon carboxylic acid plants" or C3-plants, photosynthesis proceeds according to a metabolic sequence which is summarized in Figure 2 A. Carbon dioxide penetrates the leaves through the stomates (Fig. 3 A) , dissolves in the cytosol and is used to carboxylate one molecule of ribu- 6 . Examples of components of human food derived from plants having the C3 or Ca pathways of photosynthesis lose diphosphate to produce two molecules of 3-phosphoglycerate. Thereafter, photosynthesis proceeds according to the cycle described by Calvin (see review in 34). Isotopic discrimination occurs at the level of this initial carboxylation step in which 12CO2 rather than 13CO2 is preferably incorporated. As a consequence, the sugars made by these plants are slightly depleted in 13C, and enriched in ~2C, when compared with the CO2 they have used for their photosynthesis. In absolute terms, this depletion represents about 0.02 of a percent, a small, but very consistent isotopic effect [35] . In other plants, about 10% of those existing in our world, mainly in tropical regions, photosynthesis follows a more complicated pathway which has been elucidated by Hatch and Slack [36] and is illustrated by Figure 2 B. Carbon dioxide enters the leaves through the stomates (Fig. 3 B) and then penetrates an outer layer of cells, called the mesophyll cells, where it dissolves and equilibrates with bicarbonate. Bicarbonate and phosphoenolpyruvate react, under the control of phosphoenolpyruvate carboxylase, to form oxaloacetate from which the C4-compounds, malic acid and aspartic acid are formed. For that reason, these plants are called the C4-plants. These four-carbon acids are then transported into other cells, called the "bundle sheath cells", which are located further inside the leaves (Fig.3 B) . There, the four-carbon acids are decarboxylated; pyruvate is regenerated and returns to the mesophyll cells. Carbon dioxide, now in a closed compartment in the bundle-sheath cells, is incorporated as in the C3-plants to form 3-phosphoglycerate. As far as the isotopic effects are concerned, a very small effect favouring 12C occurs at the phosphoenolpyruvate carboxylase step, but this effect is smaller than that in the C3-plants. Since the bundle sheath cells apparently act as a closed compartment, exchange of CO2 with other cells or loss of gas to the atmosphere does not occur. As a consequence, the decarboxylated carbon is quantitatively refixed by the ribulose diphosphate carboxylase reaction without further isotopic discrimination.
As a result of these two distinct pathways of photosynthesis, sugars made by these two types of plants differ distinctly in their 13C content (Fig. 4) . If we compare the 13C content of glucose prepared from maize (a C4-plant) or beet (a C3-plant), we observe that their 13C abundance is unequivocally different (relatively high in the former, relatively low in the latter). These differences, although impressive when expressed in 613C, are indeed extremely small when considered in absolute terms (upper scale of Fig. 4 ): a few hundredths of a percent [371.
Food chain and variations in 13C of natural sugars
Sugars made by photosynthesis are at the origin of the food chain and, as shown by Lacroix and Mosora, the natural abundance of 13C in a given animal will reflect the natural abundance of 13C in its diet [38] . If we feed Fig.7 . European man has a 13C/~2C ratio in the body [54] or in expired air [37] which is similar to that of glucose prepared from beet sugar [37] . In contrast, the 6~3C of maize glucose (see legend to Fig. 4 ) is significantly higher [37] Fig.9 . In contrast to the data reported in Figure 8 , a significant enrichment in 13C (613C) is observed in expired air carbon dioxide when the 100-g oral glucose load is prepared from maize sugar. Results are expressed as mean + SEM (n = 8) rats with commercial rat food having, a G ~3C of 6-7%o, the 6 13C in their expired CO2 has approximately the same value (Fig. 5) . Chicken food, prepared partly from maize, has a higher ~3C content, and the 13C-content of the CO2 expired by chicken on this diet is correspondingly higher. Now, if we take rats, initially fed with their regular rat food, and feed them for 35 days only with glucose prepared from maize, we observe that they equilibrate their expired CO2 in such a way that it becomes significantly enriched in 13C. In summary, the 13C/a2C ratio in animal body carbons (and, as a consequence, that in expired CO2) reflects the natural abundance of these two isotopes of carbon in the diet of the animals.
The food-chain of European man is derived mainly from C3-plants ( Fig. 6 ): so are the cereals which provide bread, pasta and rice, the vegetables such as potatoes, salads, etc .... , and so is meat and milk of herbivore animals which eat grass, and so on. Only a minor part of our food-chain originates from C4-plants having the Hatch-Slack pathway; such is the case when we eat sugar or sweets made from sugar cane or drink rum made from fermented sugar cane, when we eat maize or corn flakes, or more indirectly, for instance, a piece of chicken fed mainly on maize. As a consequence, the natural abundance of 13C in the average European body carbon is on the low side of the scale, as is reflected by a & 13C in our expired air carbon dioxide of about 4 per rail, which contrasts markedly with the & 13C of maize glucose which is about 18 per mil (Fig.7) . Can we make use of this property for metabolic studies in man?
Naturally-labelled 13C-glucose and metabolic studies in man
In a certain sense, we can consider that the natural abundance of 13C in the body carbon containing molecules has "prelabelled" the pools of these molecules with t3C atoms. The & t3C of expired air CO2 is fairly constant if the usual pattern of alimentation is maintained. The within-variance for two measurements performed twice, at 15-min intervals, in 44 subjects is only 0.21%0 (Table2). Similarly, long-term variations are small. The average of four to five measurements performed in six subjects fasted overnight examined weekly over a 2-month period is remarkably stable with a mean standard deviation of only 0.25%o. If we give to resting normal subjects a 100-g glucose load, prepared from beet sugar (which has about the same natural abundance of 13C as that present in the body), we do not modify significantly the G 13C in CO2 expired during the next 6-7 h (Fig. 8) . This observation is important since it indicates that an oral glucose load per se does not induce detectable isotopic effects in vivo reflected in expired CO2. In contrast, if we give an identical glucose Work load {*I*VO 2 max ) Fig. 11 . Exogenous glucose oxidation during exercise of various intensities. Four healthy volunteers were submitted on four different days to a 105 min treadmill exercise at 22, 39, 51 and 64% of their individual VO2max. After 15 min adaptation to exercise, they received 100g naturally labelled 13C-glucose. Between 22% and 51% of VO2 max, exogenous oxidation linearly correlated with the relative workload. Between 51 and 64% VO2 max, exogenous glucose oxidation tends to plateau. [Data from Pirnay et al. 49] load but use a preparation from maize sugar which is "naturally enriched" in 13C, we observe the appearance of excess 13C atoms in expired air CO2 reflecting oxidation of part of the given glucose load [37] (Fig.9) . If we measure simultaneously the absolute amounts of expired air CO 2 using conventional procedures, we can calculate the net amounts of exogenous glucose which have been converted to expired air CO2 [39, 40] . At rest, these amounts have been found to average 28-30 g in 7 h after ingestion of a 100-g glucose load [39, 40] . These figures represent an underestimation of the real oxidation of exogenous glucose (1) because of the possible interconversion of substrates [41, 42] (2) because of the incorporation of some of the CO2 produced into carboxylation reactions and (3) because of the well-known slow equilibration of the CO2-bicarbonate pool [43] . For these reasons, we directed our next studies to the investigation of exogenous glucose utilization in muscular exercise, a condition in which the overall orientation of metabolism towards catabolism and the great enhancement of respiratory ventilation considerably reduce the influence of the above-mentioned factors.
The fate of glucose ingested during exercise
A preliminary step for these investigations was to demonstrate that exercise per se does not modify significantly the & 13C of expired air [44] . It is sometimes claimed in the literature that glucose given orally during exercise is a poorly available metabolic substrate [45, 46] . Our data do not support such statements. Ingested after 15 min of adaptation to exercise in healthy subjects exercising for 4 h at about 45% of their VO2m~x, a 100-g glucose load is almost entirely oxidized with, as a consequence, a significant sparing of endogenous glucose [47] . The availability of a oral 100-g glucose load is the same whether given after 2 h of exercise or shortly after initiation of exercise [44] . Moreover, split oral doses of glucose (25 g every hour) during a 4-h exercise bout lead to oxidation of exogenous glucose which matched perfectly the amounts given (Fig. 10) [48]. The only condition in which we have observed a certain limitation on the availability of glucose given orally during exercise is that of an intense work load [49] . For exercises ranging between 20 and 50% ~/O2max for 90 min, exogenous glucose oxidation increases as the work load increases:, above 50% gO2max, there is a plateau in the oxidation of exogenous glucose (Fig.ll) and, as indirect calorimetry data show, lipid oxidation also plateau (Fig. 12) . Thus, for these intensities of exercise, the bulk of extra energy needed has to come from endogenous carbohydrate stores.
Exogenous glucose oxidation during exercise in diabetes
When young, Type I (insulin-dependent) diabetic patients are submitted to a similar long-term (4 h), medium intensity (45% ~'O2max), exercise, their ability to oxidize a 95-g oral glucose load is similar to that of normal subjects, providing that they receive adequate insulin (Table 3) . This observation has led us to propose that well-controlled Type I diabetic patients, with ideal body weight who want to exercise, can best obtain energy and avoid hypoglycaemia by simply ingesting glucose-containing drinks during exercise itself [50] . I hope that these few examples taken from the many studies we have performed using "naturally labelled 13C-glucose" have convinced you of my proposal that the cooperative work of a team of physicists, exercise physiologists and physicians, all having learned a little bit of plant physiology, has been fruitful and has permitted us to draw conclusions interesting not only to physiologists but also to clinicians, and possibly to patients.
Clinical practice cannot be dissociated from research
My fourth point is that daily clinical practice cannot be dissociated from research. In other words, the spirit of research is an integral part of medical practice. The insufficiently known example of the physicians in the Warsaw ghetto in the last world-war is a tragic demonstration of this proposal. The situation was most dramatic in February 1942 in the Jewish Hospital CZYSTE in the Warsaw ghetto, where nazis had started to gather all Jews of the City. The Jewish Council of the City began to organize the life of the inhabitants. The daily caloric allowance was 600-800 kcal per capita, consisting mainly of carbohydrates, a few lipids, and some vegetable proteins of poor nutritional quality. Typhus and tuberculosis had led to impressive mortality rates and malnutrition was dramatic. The medical team of the Jewish Hospital was directed by an anatomopatholo- 
